research (Li, Liu, Zhang, Wei, & Yang, 2006) because of their small body size. Our previous analysis based on genomewide SNP data showed that this breed was genetically clustered with several breeds including Wuzhishan, Luchuan and Dahuabai pig from south China and harboured no genomic introgression from European ancestry .
Growth and carcass traits are important in pig production. For pork production, pigs that grow faster are favoured. For their use in biomedical research, pigs with small body size are preferred (Michael Swindle, Bradley, & Hepburn, 1988) . Genomewide association studies (GWAS) have helped to identify significant loci for growth and carcass traits in different pig populations including Yorkshire, Duroc and Landrace purebred pigs (Meng et al., 2017; Sanchez et al., 2014; Sato et al., 2016) , Duroc × Erhualian F 2 cross and Sutai pigs (Qiao et al., 2015) , and purebred Chinese breeds like Laiwu pigs and Erhualian pigs (He et al., 2015; Zhou et al., 2016) . These studies provide useful genetic variants that can be used in marker-assisted selection in pig breeding programmes, as well as candidate genes for understanding molecular mechanism underlying growth and carcass traits in pigs. As far as we know, few studies have been performed to systematically characterize the phenotypic variability, and genetic architecture of growth and carcass traits in Bamaxiang pigs.
In this study, GWAS was performed for 43 growth and carcass traits in 315 Bamaxiang pigs based on a customized 1.4 million (1.4 M) SNP array. Considerable phenotypic variability is shown in growth and carcass traits in this purebred breed with small body size. Notably, we found large proportion of the phenotypic variations can be explained by a large effect locus on chromosome 7 and several loci with moderate effect on other chromosomes. The results deepen our understanding of the genetic architecture of growth and carcass traits in Bamaxiang pigs. 
| MATERIALS AND METHODS

| Animals and phenotype
The animals investigated in this study were purchased from nucleus farm of Bamaxiang pigs in Bama county, Guangxi Province. The purchased pigs were produced by 43 boars and 61 sows, which covered most of the lineages in the core breeding farm. All the pigs were weaned at age of about 40 days. The male pigs were castrated post-weaning. At age of about 60 days, the pigs were transported to Nanchang and raised in a standard pig farm, where the pen size was about 10 m 2 with uniform light and water facility. After ages of 240 days, we had 5-8 pigs per pen. Finally, a total of 315 pigs which consisted of 155 barrows and 160 gilts were slaughtered at age of 300 (±5) days in 11 batches.
Before slaughter, the pigs were measured for body weights, body lengths, body heights, chest circumferences and cannon circumferences at ages of 150, 180, 240 and 300 days. Body heights were measured by a metre ruler. Body lengths were defined as the distance from the top of head to the root of tail and were measured by a tape. Cannon circumference is the perimeter of left rear shank that was measured by a tape. Based on the data in current study, the cannon circumference at age of 300 days is highly correlated with carcass straight length (r = 0.88, p value = 6.2 × 10 −15 ) (Figure 1c) , therefore it may reflect bone development of pigs. Based on the body weight and body length, we further calculated the average daily gain and body mass index (BMI) at ages of 180, 240 and 300 days. The BMI was calculated by body weight/ body height 2 . Moreover, we recorded 17 traits after slaughter, which included lengths of carcass, intestine, cervical vertebra, head, and tongue that was measured using either rule or tape, weights of liver, heart, kidney, lung, ham, head and tongue that were measured by electronic scales, and loin area at the last rib was traced on sulphate papers, scanned and calculated using CAD program (Table 1) . BMI and weights of internal organs are not directly relevant to pork production in Chinese consumers' market. Considering that mini pigs are good model animal for biomedical researches (Li et al., 2006) , investigating genetics of these traits may have implication for relevant studies of respective traits in humans. Finally, a total of 43 traits which included 26 growth and 17 carcass traits and measured before and after slaughter were analyzed in this study.
| Genotypes
A total of 1,350,646 SNPs were genotyped for 315 Bamaxiang pigs using a customized Affymetrix Axiom chip. The SNPs on the chip were discovered from whole genome sequence data of 150 Chinese indigenous pigs and 38 International commercial pigs, and uniformly distributed on the genome, have higher marker density (2.5 kb/SNP) than that of Illumina PorcineSNP60 BeadChips (40 kb/ SNP). The quality control of the genotype data was implemented using Plink 1.9 (Purcell et al., 2007) . Briefly, SNPs with call rate >90% and minor allele frequency >0.05 were retained for subsequent analysis. Finally, a total of 674,031 SNPs in 315 animals were retained. The average call rates of these 674,031 SNPs were 98.6%; the 1.4% missing genotypes were imputed using Beagle r1399 (Browning & Browning, 2016) .
| Statistical analyses
| Genomewide association study
Both of the estimation of SNP based heritability and GWAS were performed using command "-lmm 1" in Gemma program that fits following univariate linear mixed model:
where y is a vector of residual phenotypic values that were corrected for fixed effects and covariates effects using lm function in R program. For growth traits, we only adjusted for sex; for carcass weight and length, we corrected for sex, slaughter batch and age; for the rest of carcass traits, we adjusted for sex, slaughter batch, age and body weight at age of 300 days; S is vector containing the dosages of minor allele at a SNP, a is additive effect of SNP under test. u is a vector of additive genetic values of individuals under study that is assumed to follow multivariate normal distribution, MVN(0, G 2 a ), where G is genomic relationship matrix (Yang et al., 2010) calculated from a pruned set of SNP markers obtained by the command "--indep-pairwise 50 5 0.5" in Plink v1.09 (Purcell et al., 2007) , 2 a is additive genetic variance. e is a vector of residuals which is assumed to follow N(0, I 2 e ), where 2 e is ressidual variance and I is identity matrix. The program outputs a prefix.log.txt file that contains h 2 and its standard error, and a prefix.assoc.txt file containing the association results.
To determine the significance threshold of GWAS, a Bonferroni approach was used to adjust for multiple tests, the suggestive significance threshold was set to be 1/ number of SNP under test, which is approximately 10 −6 .
Genomewide significance threshold is set to be 5 × 10 −8 .
Based on the "-lmm" procedure in Gemma, we performed a conditional GWAS in which the genome scan was carried out iteratively that the lead SNPs identified in previous round of scan were included as covariates in GWAS model in current round of genome scan until no SNP achieve a p value threshold of 1 × 10 −6 , this approach is similar to those implemented by MLMM program (Segura et al., 2012) . 
T A B L E 2
| Characterization of lead variants
The phenotypic variance explained by a locus was calculated through 2p(1-p)β 2 / 2 p ,sswhere p is the minor allele frequency, β is the allelic effect and 2 p is the phenotypic variance of correspssonding trait. The confidence interval of a locus is defined as the region delimited the SNPs with high linkage disequilibrium (r 2 > 0.8) with the lead SNP.
| Genetic correlations and colocalisation analysis
Genetic correlations between a pair of traits were estimated using a bivariate mixed model implemented by "-lmm" command in Gemma (Zhou & Stephens, 2012) . Colocalisation analysis was performed using function coloc.abf in R program coloc (Giambartolomei et al., 2014 ) on a 2 Mb region centred on the most significant lead SNP.
| Annotations of lead variants and candidate genes
Genomic positions of SNPs were annotated based on pig reference genome build Sscrofa 11.1 (https://www.ncbi.nlm. nih.gov/genome/?term=pig). Variants were annotated using VEP program (McLaren et al., 2016) . Genes within 500 kb to lead significant SNPs were manually checked using UCSC genome browser (Kent et al., 2005) .
| RESULTS
| Descriptions of phenotypes
In this study, we measured 26 growth and 17 carcass characteristics in 315 Bamaxiang pigs (Table 1) . The average body weight of Bamaxiang pigs was 28.4 kg, 46.7 and 60.0 kg at ages of 180, 240 and 300 days, respectively, which are much smaller than the body weights of Erhualian and Laiwu pigs, and western commercial pigs at the same growth stage (Guo et al., 2017; Qiao et al., 2015; Zhou et al., 2016) . We found a large phenotypic diversity within the populations, for example the body weight at 300 days of age range from 36.7 to 84.7 kg (Figure 1a) , the carcass weight ranged from 21.6 to 56.9 kg, ham weight ranged from 3.45 to 8.45 kg, and intestine length ranged from 9.9 to 16.43 m ( Table 1 ). Despite that the differences at earlier stages were not statistically significant, males consistently grew faster than female at different stage of growth ( Figure  1b) . The traits are highly correlated to each other, according to both phenotypic ( Figure 1c ) and genetic correlations (Figure 1d ).
| SNP based heritability
We estimated the SNP based heritability (h 2 ) for each trait based on the 674,031 SNPs. The estimates of h 2 varied greatly among the 43 traits and ranged from 9% to 88% ( Table 1 ). Traits that were evidenced to have greater estimates of h 2 included straight length of carcass (0.88), cannon circumference of 300 days (0.77) and intestine length (0.78), respectively, suggesting that substantial proportions of phenotypic variations for these traits can be explained by the genomic variants.
| Summary of the GWAS
Through a conditional GWAS, we identified a total of 53 significant associations for 43 traits at p value threshold of 1 × 10 −6
(Supporting information Table S1 ). Among these, 26 associations on chromosome 3, 7, 14 and X passed a genomewide significance threshold of 5 × 10 −8 ( Table 2 ). The most remarkable loci were on SSC7, where we identified 12 lead SNP showing significant associations with 23 out of the 43 traits under study. The 12 lead SNPs were distributed in a region between 30.3 and 37.8 Mb (Table 2) , among these six SNPs from 30.46 to 31.00 Mb were in high linkage disequilibrium among each other and formed a linkage disequilibrium block (Supporting information Figure S1a ). The lead SNPs on the other chromosomes including, rs31835132 at 5.27 Mb on chromosome 3, rs339502478 at 26.96 Mb on chromosome 14, and rs339529341 at 121.19 Mb on chromosome X were associated with BMI at age of 240 days (p = 9.6 × 10 
| Large effect of chromosome 7 loci on multiple traits
The most significant association on chromosome 7 was observed between rs327530981 at 30,600,211 bp and cannon circumferences at age of 300 days (p = 4.9 × 10 −43 , MAF = 0.45, explaining 57.6% of phenotypic variance) (Table 2) . Moreover, rs327530981 also have large effects on six other traits including body weight at 300 days (p = 1.8 × 10 , allelic effect = 4.9 cm). The shares of lead SNPs by multiple traits, together with the high linkage disequilibrium observed among the six lead SNPs from 30.46 to 31.00 Mb on chromosome 7 (Supporting information Figure S1a ) suggested that a same mutation in the region has | GONG et al.
large effect on multiple growth and carcass traits. This is further supported by the analysis using coloc program which tests whether association signals from 29.6 to 31.6 Mb for a pair of traits shared a same causal variant. The results showed that the region around 30.6 Mb for multiple growth traits, head length and intestine length shared same causative variants (Supporting information Figure S1b ).
| Growth stage-dependent effect chromosome 7 loci
Several traits including body weight, body length, body height, chest circumference and cannon circumference were recorded at multiple growth stages. Notably, the significance of the loci on chromosome 7 for body length and cannon circumference tends to be greater at later stages of growth, for example the p values and allelic effects of the loci for cannon circumference at 180, 240 and 300 days were 7.9 × 10 −18 and 0.82 cm, 9.4 × 10 −30 and 1.11 cm, and 4.9 × 10 −43 and 1.31 cm, respectively (Figure 3) . The p values and allelic effects for body length at the three time points were 3.7 × 10 −17 and 3.42 cm, 3.5 × 10 −19 and 4.93 cm, and 5.0 × 10 −24 and 6.06 cm. Moreover, we identified significant loci for average daily gain from 240 to 300 days at 31.00 Mb (p value = 3.6 × 10 −9 ), while the respective region for average daily gain from 180 to 240 days was not significant (p value >1 × 10 −6 ). Similarly the loci for body weight at 300 days were more significant than those of 180 and 240 days (Supporting information Table S1 ). To examine whether the growth stage-dependent signals were presented by the smaller sample size in the earlier growth stage, we also performed GWAS in a subset of 254 and 177 individuals that have no missing values for body lengths and cannon circumference, respectively, at ages of 180, 240 and 300 days (Supporting information Figure S2 ). We observed the same trend of growth stage-dependent GWAS signals for the two traits as those observed when using the full dataset. Taken together, these results indicated that the QTL on chromosome 7 could have growth stage-dependent effect on growth traits particularly related to bone development and showed stronger association with corresponding traits at later growth stages.
| Modelling covariates
Modelling phenotypic covariates have large impact on the genetic mapping results; examination of the changes in GWAS association signals after adding corresponding phenotypic covariates could help to better interpret QTL-trait associations. Here, we considered body weight at 300 days as covariates in the GWAS model for carcass traits to identify loci with effects that are independent of body weight and compared the results of models without including body weight as covariates. After correcting for body weights, the association signals for liver, heart, ham, tongue and lung weights, and intestine length were vanished, and signals for head weight, head length and tongue length were largely weakened (Supporting information Figure S3 ). This scenario occurs when the respective loci for target traits are also associated with the covariates. We also found a few cases that modelling body weight as covariate helped to reveal new loci. For instance, after adjusting for body weight, we identified a new locus (p = 5.1 × 10 −8 ) for body height at 240 days at 221.38 Mb on chromosome 1 (Supporting information Figure S4a ). Correcting for carcass straight length also helped to identify new loci for cannon circumference at 180, 240 and 300 days at 95.29, 95.36 Mb and 95.36 Mb on chromosome 1, respectively (Supporting information Figure S4b-d) . In these cases, the covariates could be causal factors for the target trait but independent of respective QTL, which increased detection power of QTL by reducing environmental noises.
| Candidate genes
Next, we examined the function of genes at each significant locus and their relevance to the corresponding traits. Considering that the loci on chromosome 7 showed significant effects on multiple growth and carcass traits including body weight at age of 300 days, carcass length, head weight, tongue sslength, we speculated that the target gene of the QTL may act a role in multiple tissues and has important function in regulating the gene pathway related to growth and development of pigs. Among the genes within 500 kb to the lead SNP, rs327530981, we found HMGA1, which encodes a chromatin-associated protein, was reported to involve in a variety of genetic pathways regulating cell growth and differentiation in humans and mouse. Knocking out HMGA1 decreased the body size and total tissue mass in mice. It was also reported that HMGA1 is a key modulator for IGF1 gene, which in turn was associated with body size in dogs (Sutter et al., 2007) . NUDT3 involved in diadenosine polyphosphate catabolic process, and variants in this gene was reported to be associated with body mass index in humans (Kitamoto et al., 2013) .
On chromosome 3, we identified a locus for BMI at age of 240 days at 5.17 Mb, and in about 60 kb from this SNP, we found the EIF2AK1 gene, which plays a role in regulating protein synthesis in response to stress. Expression of this gene in white blood cells was significantly correlated with BMI in humans. Moreover, the methylation status on this gene was also evident to be associated with BMI. On chromosome 14, the lead SNP for body weight at 300 days at 26.96 Mb located 45 Kb from TMEM132C gene, region of this gene was reported to be associated with the pulmonary function and asthma (Shao et al., 2004) in humans. In this study, the Bamaxiang pigs have different extent of respiratory disease or enzootic pneumonia like disease which were very often observed in other Chinese indigenous pigs like Erhualian ; we speculated that the chromosome 14 locus may affect the susceptibility of the respiratory disease, which in turn affects the body weight of animals. On chromosome X, the lead SNP for loin area at 12.12 Mb located in AFF2 gene, deletion in this gene caused developmental delay in humans (Sahoo et al., 2011) .
| DISCUSSION
Chinese indigenous pigs display large phenotypic differences in terms of appearance, growth and other characteristics compared to those of western commercial breeds. Bamaxiang pig is an important breed for local market in Guangxi province in China, as well excellent model animal for biomedical research owing to their small body size. A good knowledge of phenotypic diversity and genetic basis of growth and carcass in Bamaxiang pigs can contribute to better utilization and conservation of this breed.
We observed large phenotypic variability in the growth and carcass traits in Bamaxiang pigs and an average SNP based heritability of 52% for the 43 traits under study. Particularly for carcass length, the estimates of h 2 were 0.85-0.88 which are greater than the respective estimate (0.62) for carcass length in Duroc and landrace populations (Lo, McLaren, McKeith, Fernando, & Novakofski, 1992) . The h 2 of loin area (0.23) was slightly greater than those estimates of 0.21-0.22 in commercial breeds (Choi et al., 2013) . The h 2 for average daily gain (0.17-0.33) and ham weight (0.29) in Bamaxiang pigs was smaller than those estimates of 0.32-0.41 (Choi et al., 2013) and 0.63 (Miar et al., 2014) in international commercial breeds (Duroc, Landrace and Large White). The h 2 for particular trait can be highly population dependent. Higher heritability of a trait means that it would be easier to improve it through genetic selection, and it would have higher chance to identify associated significant loci. The low heritability (h 2 < 0.3) observed in a number of carcass traits including the tongue weight, lung weight, loin eye area and ham weight could be primarily caused by the procedures of correcting the carcass traits for body weight, which resulted in large reduction of estimated h 2 for corresponding carcass traits; this suggested that body weight could share a considerable genetic control with the respective carcass traits. The most notable observation is the locus around 30.6 Mb on chromosome 7, which shows significant effects on multiple growth and carcass traits. It is needed to mention that the region on chromosome 7 was also identified in other local Chinese pig populations that have completely different genetic background with Bamaxiang pigs, these included Duroc × Erhualian F 2 resource population and Erhualian (He et al., 2015) and Dongxiang spotted pigs (Wang et al., 2018) . However, the region was not identified for respective traits in pig breeds of mainly European origin like Large White and Landrace and Duroc, Cerdo Iberico, Large Black, Hampshire, Pietrain, and SchwabischHallisch (Rothammer et al., 2014) , which suggested that the QTL segregate in Chinese indigenous pigs but not in the commercial pigs like Duroc, Large White and Landrace or above-mentioned European indigenous pigs. In the Duroc × Erhualian F 2 resource population, lead SNP at 30.1 Mb was associated with heart and liver weight, lead SNP at 30.5 Mb was associated with humerus, tibia and ulna. In Erhualian pigs, the lead SNP at 30.1 Mb was associated with multiple limb bone length. In Dongxiang spotted pigs, the lead SNPs at 30.3 to 30.5 Mb were reported to be associated with facial characteristics. Interestingly, the lead SNPs on chromosome 7 identified in above-mentioned populations were very close, that is within 500 Kb to the lead SNPs identified hereby. We therefore speculated that these coincidence of signals on chromosome 7 across multiple Chinese indigenous population could be presented by the same functional variants shared across the populations. In subsequent study, it is interesting to test the evolutionary history of haplotype around the QTL region in context of multiple Chinese indigenous pig breeds and examine whether the same functional mutation was underlying the QTL detected in different populations.
To examine whether the QTL on chromosome 7 accounted for shorter body length of Bamaxiang (96.7 cm) compared with those of Erhualian pigs (122.5 cm, unpublished data) at age of 300 days, we compared and found that the frequency of the allele that increase the body length at lead variants in Bamaxiang pigs (0.45) was lower than those in Erhualian pigs (0.69). This suggested that the difference in body length/ body size between Bamaxiang and Erhualian pigs can be at least partially explained by the effect from the locus round 30.6 Mb on chromosome 7.
The most significant locus identified in this study alone explained about 57% phenotypic variation in cannon circumference at age of 300 days, the same locus explained about 53% and 38% of phenotypic variance for carcass and body length, respectively. The allelic effect of this locus is about 6.1 centimetres on body length, and 6.1 kg on body weight at age of 300 days. We attribute the discovery of large effect QTLs hereby into two reasons: Firstly, due to limited genetic diversity of the population brought about by artificial selection and founder effects, only a few QTL were segregate in the population. Secondly, the environmental factors were well controlled, that is the living conditions and food for all pigs were uniform, which largely reduced the environmental noises in genetic mapping study. In farm animal populations, it is not uncommon to observe that a few markers explained large phenotypic variance. For instance, Maud Rimbault et al (2013) reported that 46%-52.5% of the variance in body size of dog breeds can be explained by seven markers in 500 dogs (Rimbault et al., 2013) . A recent study showed that the top SNP near SCD gene explained 27%-54% of phenotypic variance for fatty acid composition traits in 454 Duroc pigs and 659 Landrace boars. The existence of large effect mutations in domestic animals may arise from strong artificial selection in relatively short period time. In comparison, in humans, strongest associations often only explain small fraction of phenotypic variations. For human height, the most significant rare variants have allelic effect of about 2 centimetres (Marouli et al., 2017) . These observations reflected a different genetic architecture of growth traits in pigs compared with those in humans.
| CONCLUSIONS
This study provides systematic phenotypic measurement and genetic mapping of growth and carcass traits in 315 Bamaxiang pigs based on a 1.4 million SNP array. Our study showed that there is remarkable phenotypic variability in Bamaxiang pigs, and large fractions of the phenotypic variations can be accounted for by a primary QTL on chromosome 7 and loci with moderate effects on other chromosomes. Notably, the primary QTL on chromosome 7 display a time dependent expression and show significant effect on multiple growth and carcass traits in Bamaxiang pigs. We also showed that including phenotypic covariate in GWAS can help to reveal additional significant loci for the target traits. Taken together, this study provides insights into phenotypic diversity and genetic architecture of growth and carcass traits in Bamaxiang pigs, the identified loci with large effects can be effectively used in breeding programme of this breed.
